To reveal the antifreeze protection mechanism of an aqueous solution of ethylene glycol (EG) at a 2 molecular level, concentration-dependent infrared spectra are analyzed with an aid of chemometrics. 3
Introduction 1
An aqueous solution of ethylene glycol (EG) is used as an antifreeze solution for various 2 purposes represented by the heat carrier medium in the radiator of a car engine, since the mixed solution 3 shows an extremely lower freezing point (< -50 °C) than those of pure water and pure EG, which are 4 USA) Foundation Performer single-reflection ATR accessory having a hemisphere-shaped germanium 1 prism. The inside of the spectrometer was air purged by flowing a dry air generated by an Air-Tech 2 (Yokohama, Japan) AT-35H dried-air generator, after passing through a molecular sieve tower after the 3 generator. A liquid-nitrogen cooled Hg-Cd-Te (MCT) detector was used. Concentration dependent IR 4 spectra were recorded by coaddition of 1000 interferograms at a wavenumber resolution of 4 cm -1 with a 5 modulation frequency of 60 kHz. Time-resolved spectra without an accumulation were recorded by the 6 rapid-scanning mode with a wavenumber resolution of 4 cm -1 with a modulation frequency of 200 kHz. 7
The time interval of the successive IR measurements was 0.18 sec. 8
Chemometrics 9
To obtain chemically independent spectra from the concentration dependent IR spectra, 10 alternative least-squares (ALS) regression were performed after principal component analysis (PCA) 11 [15, 16] , which can estimate the number of constituents. In the analysis of time-resolved spectra without 12 an accumulation, the spectral noise was significantly reduced by the use of PCA, which were used for 13 the classical least square (CLS) regression analysis. The chemometrics calculations of PCA, CLS and 14 ALS regression were performed on Mathworks (Natick, MA) MATLAB ver. R2014b by using 15 homemade programs. 16 spectral variation is obtained in a past research [17] . The spectra presented by the blue and red curves 5 correspond to pure water (x EG = 0.0) and EG (x EG = 1.0), respectively. With increasing the concentration 6 of EG, the OH 2 bending vibration ((OH 2 )) band of water at ca. 1640 cm -1 decreases and disappears; 7 whereas the CH 2 stretching vibration ((CH 2 )) band and the CO stretching vibration ((CO)) band 8 develop. The OH stretching vibration ((OH)) bands of both water and EG have a broad shape, and the 9 band shape gradually changes from that of pure water to EG, which seems that the 10 hydrogen(H)-bonding state in the solution changes in a continuous manner. It is worth noting that 11 several isosbestic points apparently appear in the spectra, which are marked by yellow circles in Fig. 1 . 12
This suggests that the spectral variation may be explained by the quantity changes of two chemical 13 constituents; water and EG. The (CH 2 ) and (OH 2 ) bands show a peak shift, however, which indicates 14 that the H-bonding state in the mixed solution is different from those of pure water and EG. This 15 suggests that an additional minor constituent should be considered to fully explain the spectral variation. 
(CO)
The matrix, A, in Eq(1) consists of all the spectral data in Fig. 1 . For example, the absorbance spectrum 1 of pure water is stored as a row-wise vector, 1 a . PCA expands the matrix, A, using mutually orthogonal 2 loading vectors, i p . The number of the expanded terms is equal to the number of rows in A (i = 1~11). 3
Each loading vector, i p , has the corresponding eigenvalue, i  , which satisfies Eq(2). 4
Here, A T is the transpose matrix of A. The eigenvalue,  i , is useful to estimate the number of 6 constituents, since the eigenvalue is the variation of the spectral points spread in multi-dimensional 7 space along the loading vector, which is also the degree of contribution of p i to the matrix A. In the 8 present analysis, the wavenumber region of 4000-1150 cm -1 after an appropriate baseline correction is 9 used, which involves the key bands exhibiting a significant shift [17] . In Fig. 2a , the eigenvalues are 10 plotted as a function of the factor rank, i. The first three loading vectors (p i : i = 1~3) are presented as 11 spectra in Fig. 2b . Although the spectra are not chemically meaningful in principle, they are all noise 12 free, and the corresponding eigenvalues apparently indicate that "three" factors are necessary for the 13 PCA modeling, which agrees with the conclusion of the previous section. The contribution ratios of the 14 first three principal components, n r , calculated with the equation of 
Since the total concentration is normalized to be unity ( is recorded column-wisely in the matrix, C. Here, R is a matrix that receives nonlinear residuals. In the 2 case of CLS, two of the three matrices (A, C, K) must be known in advance to solve the rest unknown 3 matrix. In our case, however, both K and C are unknown, and only the spectra matrix, A, is available, 4 for which ALS works powerful. ALS yields the converged solution for both matrices, C and K, under 5 the non-negative constraint [19] [20] [21] [22] . As a result, ALS yields relative values, and the variation shapes are 6 accurately generated, i.e., the concentration profile and the spectral shapes are readily obtained as 7 presented in Fig. 3 . 8 In Fig. 3a , the obtained matrix, C, is presented as a function of x EG . In a similar manner, the 2 corresponding spectra are presented in Fig. 3b . The blue spectrum decomposed by ALS agrees with the 3 pure-water spectrum (black spectrum beneath the blue one) in Fig. 3b . The corresponding quantity 4
shown by the blue line in Fig. 3a decreases monotonously with an increase of x EG . These results indicate 5 that the solution involves 'bulky water' up to the concentration of ca. x EG = 0.5, in which the H-bonding 6 state is similar to that of pure water. Another constituent presented by the red line increases 7 monotonously in Fig. 3a , and the corresponding spectrum is almost identical to that of pure EG as 8 presented in Fig. 3b . The 'bulky EG' is thus found to appear when the concentration of x EG is 0.2 or 9
higher. The rest third constituent (green line) shows the maximum at x EG of 0.3. Since the green curve is 10 nearly zero at x EG = 0 (pure water) and x EG = 1 (pure EG), the third constituent is assigned to a product 11 that is newly generated from water and EG. The corresponding green spectrum in Fig. 3b has, in fact, 12 the key bands of both water ((OH 2 )) and EG ((CH 2 )). The third constituent is thus concluded to be a 13 'complex' of water and EG molecules. Note that x EG = 0.3 corresponds to the concentration exhibiting 14 the lowest freezing point, at which the excess molar enthalpy exhibits the minimum value (see 15 Introduction). This implies that the complex exhibiting the green spectrum is thermodynamically stable. 16
The decomposed spectra by ALS are known to be not suitable for further quantitative discussion 17 in principle [15] . Since the spectra of bulky water and EG shown in Fig. 3b agree with those of pure 18 in Fig. 3a can limitedly be converted to the number of molecules fortunately. In particular, the spectrum 1 of pure water (x EG = 0.0) can be explained by only the spectrum of bulky water ( 0.0
indicates that the relative number of water molecules in the mixed solution can be estimated by using 3 the blue curve in Fig. 3a . In a similar manner, the average molar ratio of the complex can be estimated 4 by considering that the bulky EG is completely lost in the range of x EG = 0.0 ~ 0.1 as shown by the red 5 curve. As a result, the quantities of the bulky water and EG are both found to have 0.5 (Fig. 3a) at x EG = 6 0.1 (i.e., x water = 0.9). 7 Therefore, the spectrum at x EG = 0.1 in Fig. 1 can be modeled by summation of the spectra of the 8 bulky water and the complex with a common intensity of 0.5 ( 0.1
). On the blue 9 theoretical dotted line at x EG = 0.1, the quantity of water molecules is read to be 0.9. Since some of the 10 water is exhausted to generate the complex exhibiting 0.5, the quantity of the used water is 0.4 as 11 indicated by the arrow in Fig. 3a . Considering x EG = 0.1, the molar ratio of EG to water in the complex 12 is thus revealed to be ca. 1:4, which can roughly be used as an index of the hydration of molecules in 13 motion. 14 In this manner, the ALS analysis reveals that (1) an EG molecule in the complex is hydrated by 15 about four water molecules, and (2) the complex should be a key species to induce the antifreeze effect. 16
The thermodynamic relationship between the complex and the antifreeze effect will be discussed next. 17 between the complex and the antifreeze effect, the spectrum shown in Fig. 3b is discussed in detail. First, 2 the (OH 2 ) band is located at 1654 cm -1 , which is 14 cm -1 higher than that of pure water. Since the 3 (OH 2 ) band is known to appear at a higher position when the H-bonding becomes stronger, the 4 H-bonding in the complex should be stronger than that in pure water. Since an EG molecule in the 5 complex is hydrated by about four water molecules, the strong H-bond is assigned to the intermolecular 6 interaction between the EG and water molecules. 7
The (OH) band of the complex having a similar shape to that of bulky water is too broad to make a 8 fine discussion using the peak position. In the inset of Fig. 3b , the two bands of bulky water and the 9 complex are overlaid on each other, which implies that the complex band is entirely shifted to a lower 10 wavenumber. Since the (OH) band is known to shift to a lower wavenumber when the H-bonding 11 becomes stronger, the H-bonding in the complex is stronger than that in bulky water, which is the same 12 trend as that of the (OH 2 ) region. In this manner, the EG/water complex has spectroscopically proved 13 to be stabilized by the H-bonding. 14 Another notable point is found in the (CH) band region, in which the symmetric and antisymmetric 15 CH 2 stretching vibration ( s (CH 2 ) and  a (CH 2 )) bands of the complex appear at a higher wavenumber 16 at both H-bonding sites. As a result, only the methanol having H-bonding-free lone pairs on oxygen 13 exhibits an extremely lower band position than a H-bonded methanol by 30 cm -1 . Since the electronic 14 state of the methylene group of EG should be similar to that of methanol, the same rule can be applied 15 to the discussion of the (CH) band of EG in Fig. 3b.  16 The  s (CH 2 ) and  a (CH 2 ) bands of the EG/water complex appear at a higher wavenumber position by 17 8 and 13 cm -1 than those of bulky EG respectively. This indicates that the EG molecule in the complex 18 is more H-bonded than that in bulky EG, but the both shifts are apparently smaller than 30 cm In Fig. 4a , the quantities of the three constituents revealed in the present study are re-presented. 13 The quantity of the complex shows the maximum at x EG = 0.29, which is in the concentration range of 14 (2). According to the phase diagram, the solution in this range becomes solidified in one step without 15 squeezing out pure water and EG, which corresponds to the solid solution, S. In this concentration range 16 at an ambient temperature, the bulky constituents of both water and EG are minor (see Fig. 4a ). Since 17 the complex is energetically stable, it is not dissociated to be back to pure water, which preserves the 18 low freezing point. This is consistent with a fact that the H-bonding network like ice I h does not develop 1 in a solution of the complex. 
Mixing Process of EG and Water toward Equilibrium 5
In the previous sections, mixed solutions of the three constituents after reaching equilibrium are 6 discussed. Since the complex is generated as a result of mixing water and EG, the generation process is 7 of another interest. In this section, the mixing process is studied by using time-resolved IR spectroscopy. 8
Time-resolved IR ATR spectra of the mixing process were measured by using the rapid-scan mode of 9 FT-IR every 0.18 sec. At the time of 10 sec after starting the IR measurements of pure EG, water was 10 added to the sample, and the mixing process was pursued for 50 sec at the concentration of x EG = 0.2 11 (EG: 564 L and water: 436 L). The total number of the collected spectra is 360, and several selected 12 spectra are presented in Fig. 5a . The first spectrum at 10.115 sec is almost identical to that of pure EG in 13 Fig. 1 (x EG =1.0) , and no influence of water is found at this moment. Later, the key bands of EG (e.g., 14
 s (CH 2 ) and  a (CH 2 )) decrease and the (OH 2 ) band of water appears, and the spectra at 30.035 sec or 15 later are almost identical to the spectrum in the equilibrium state at x EG =0.2 in Fig. 1 . The absorbance of 16 the (OH 2 ) band of water at 1648 cm -1 is plotted against time in Fig. 5b . The absorbance stays at nil 17 until ca. 14 sec, and it rapidly increases until ca. 20 sec, after which the solution seems to reach the 18 equilibrium. No more detail, however, can be discussed on these figures, since much noise is involved. To remove noise from the collection of many spectra, PCA was employed. The 360 time-resolved 5 spectra are stored in the matrix, A t , and the matrix is expanded by the mutually orthogonal loading 6 vectors p i (Eq (1)). 7
The first 40 eigenvalues are presented in Fig. 6a 'noise factors.' The noise-reduced new matrix, A rec , is reconstructed by using the basis factors only. Fig.  1 6b presents the noise-reduced spectra. Since the noise on the spectra is readily reduced apparently, the 2 spectra are ready for further spectral analysis. Judging from the eigenvalues in Fig. 6a, three constituents  3 are significant, which agrees with the results of the equilibrium study. The constituents should thus be 4 assigned to the bulky water, bulky EG and the water/EG complex. If the assignments are true, a CLS 5 analysis (Eq. (4)) would work well using the K matrix consisted of the three spectra shown in Fig. 3b . 6
CLS has a great benefit that the variation of each constituent is quantitatively appeared in C, if the 8 number of constituents and the assignments are both true. The unknown matrix, C, is obtained as the 9 least-squares solution by using Eq. (5), 10
and the results are presented in Fig. 7 with time. CLS has an important characteristic that the analytical 12 results would be severely degraded, if a wrong number of constituents are used for the calculation. As a 13 matter of fact, the calculated results in Fig. 7 are quite reasonable, and the quantity change of the bulky 14 water (blue curve) agrees well with the curve in Fig. 5b . In this manner, the mixing of water and EG is 15 thus concluded to generate a three-constituent system. The reasonable curves paradoxically confirm that 16 the pure constituent spectra in Fig. 3b are also correct. The results in Fig. 7 show that the bulky EG is largely lost, and the added water is also largely used to 6 generate the complex as the dominant species after reaching the equilibrium at x EG = 0.2, which 7 reproduces the result in Fig. 3a . Concentration-dependent IR spectra of an aqueous solution of EG were analyzed with an aid of 6 chemometrics to study the antifreeze protection mechanism of at a molecular level. PCA analysis of the 7 spectra indicates that 'three' constituents are necessary for modeling the spectral variation. The ALS 8 analysis considering three constituents was successfully performed, and the result indicated that an EG 9 aqueous solution involves a 'complex' of the water and EG molecules as well as 'bulky water' and 10 'bulky EG,' in which each H-bonding state is similar to that of pure water and EG. Since the quantity of 11 
